Abstract
Introduction
candidate gene for Nax2, TmHKT1;5, plays a similar role, but functions primarily in root tissue 23 (Byrt et al. 2007; Munns et al. 2012) . Targeted overexpression of the Arabidopsis HKT1;5 24 homolog, AtHKT1;1, in Arabidopsis and rice has been shown to increase Na + exclusion from the 25 shoot (Moller et al. 2009; Plett et al. 2010) . Cotsaftis et al. (2012) also suggested that retrieval of 26 Na + from the xylem transpiration stream in the root or leaf sheath is a possible mechanism to 27 maintain low Na + in leaf blades of rice, and analysed Na + exclusion in rice by 3D modeling of
28
HKT transporters (OsHKT1;5 and OsHKT1;4). They suggested that Na + accumulation in the leaf 29 blade is controlled by regulation of complex gene expression, alternate splicing and protein 30 structure of transporters under salt stress.
31
In a previous study, a recombinant inbred line (RIL) population from the cross between two 1 parents CO39 and Moroberekan with differences in leaf Na + concentration was chosen to look 2 for QTLs for ion regulation, in the understanding that this would be useful in selecting for salt 3 tolerance. CO39 has a 4-fold lower Na + concentration in leaves than Moroberekan (Akhtar 2002; 4 Haq et al. 2010). On day 7 of salt stress, two QTLs each for Na + and K + /Na + ratio in fully 5 expanded leaf were identified on Chromosome 1 with high likelihood of odd (LOD) and 6 explained up to 35 and 38 % of the total phenotypic variation in these traits, respectively (Haq et 7 al. 2010) . After 21 days stress same QTL for leaf Na + was detected on Chromosome 1 (11.56 -8 11.72 Mbp) with LOD of 9.8 and explaining 24% of the total phenotypic variation. QTLs were 9 also found for Na + accumulation in sheath after 21 days but not after 7 days salt stress (Haq et al. 10 2010). Fine mapping identified a chromosomal region that was most likely the same as the SKC1
11
QTL (Lin et al. 2004) , later identified as the Na + transporter OsHKT1;5, responsible for retrieval
12
of Na + in rice by being unloaded directly from the xylem sap (Ren et al. 2005) .
13
In this paper, which presents results of two experiments with the same parents and population, 14 the relation between leaf Na + and degree of injury over time, and % biomass production was after transplantation, 28 days after sowing), salt stress was started in daily increments of 25 mM and 1.25 mM for NaCl and CaCl2 respectively to reach the final level of 100 mM NaCl + 5.0 mM Meter (Minolta, Japan) was used to record the chlorophyll in leaves. Each mean value is the 5 average of nine SPAD observations from leaf 1, 2 and 3 (one leaf on each of three tillers) on 6 main tillers of the same plant. The SPAD readings from each leaf were taken from the base, 7 middle and tip, along the length of leaf to cover the whole (or the total) leaf area. 
Leaf injury scoring

10
In both studies, leaf injury scoring in the saline treatment was done on days 21 (Score-1) and 42
11
(Score-2) on the top mature leaves on a scale of 1 to 4. The injury value 1 was assigned to leaves
12
showing little damage, a value of 2 with leaves showing slight damage, a value of 3 where the 13 leaf damage was moderate, and a value of 4 to leaves experiencing severe damage. 
Results
17
Effects of salinity on growth and appearance of CO39, Moroberekan and RILs, and 18 correlations between leaf injury and biomass production
19
In Study-1, the two parents and 32 RILs were grown in control and 100 mM NaCl for 42 days.
20
The adverse effects of salinity on overall plant appearance and growth after 42 days at 100 mM
21
NaCl were greater on Moroberekan than on CO39. Moroberekan had more vigorous vegetative 22 growth than CO39, producing over double the biomass in the absence of salinity (Table 1) , so the 23 genetic differences in "salt tolerance" need to be expressed as a % of growth in the control 24 conditions. Moroberekan produced a shoot fresh weight under salt stress that was only 23% of 25 the controls, whereas CO39 had a fresh weight that was 42% of controls (Table 1) . Six RILs had
26
an even higher % shoot fresh weight than CO39 (Fig. 1a) . Shoot dry weights showed a similar 27 result (Suppl. Fig. 1a ). The variation in shoot fresh and dry weight was highly significant 28 (p<0.01) in treatments (saline and non-saline), RILs and Salinity×RIL interactions as is revealed by the analysis of variance in Study-1 (Suppl. was more in CO39 (9.0) than Moroberekan (4.7) on day 42 of exposure to salt stress (Table 1) .
4
Out of the 32 RILs, 17 had tillers plant -1 greater than CO39 (Fig. 1b) . Shoot water (g g -1 DW) of 5 parents and all RILs was reduced by salinity (Table 1) , but the effect of Salinity×RILs interaction 6 was not significant (p=0.07) (Suppl. Table 2 ).
7
In Study-1, leaf injury for Moroberekan was greater than CO39 on day 21 ( in the RIL population (Table 3) .
22
In Study-2, the overall appearance was more affected in Moroberekan than CO39 as shown by 23 chlorophyll loss and injury scores (Table 3 ). The phenotypic differences in parental varieties and
24
RILs in response to salt stress can be further seen in pictures taken on day 42 (Suppl. Fig. 2 ).
25
Chlorophyll concentration in the upper leaves on day 42 was higher in CO39 than Moroberekan
26
(39 versus 13 SPAD units), and ranged between 10 and 42 in the RIL population (Table 3) .
27
Injury measured on day 21 was higher in Moroberekan (3.7) than CO39 (1.4) and ranged 28 between 1 and 3.8 for the RILs, and correlated significantly with tillers, shoot water, and even 29 shoot fresh and dry weight (Table 4 ). Injury measured on day 42 did not have a much higher score than on day 21 (Table 3) but the correlations with all growth components were higher than 1 at the earlier time of measurement (Table 4) . In Study-1, Na + accumulation in the blade of recently fully expanded leaves at day 21 was 4 fold 5 lower in CO39 (15 mM in leaf sap) than Moroberekan (64 mM) in the saline treatment (Table 1) .
6
Under salinity treatment, three out of 32 RILs had Na + concentration higher than Moroberekan), 7 whereas in 14 RILs the Na + concentration was even lower than CO39, showing transgressive 8 segregation towards CO39, the low Na + parent variety (Suppl. Fig. 1b ). The analysis of variance 9 revealed that treatments, RILs and Salinity×RILs interaction had highly significant (p<0.01) 10 effects on Na + concentrations of the leaf blades (Supplemental Table 1 Moroberekan (Fig. 4a ). In the leaf sheath, the Na + increased by 2-fold in CO39, and 3-fold in
28
Moroberekan. K + in the expanded leaf blades and sheaths was higher in CO39 than Moroberekan 29 on 21 of salt stress (Table 3) . On day 21 the K + concentration in the leaf sheaths was even higher in CO39 compared to its concentration on day 7 of salt stress (data not shown). With K + /Na + 1 ratios with increase in exposure time of salt stress from 7 to 21 days, there were reductions in 2 both CO39 and Moroberekan; however the reductions were greater in Moroberekan than CO39 3 (Table 3 and Fig. 4b ).
5
Correlations between ion accumulation, growth attributes and leaf injury 6
In Study-1, there was no correlation between leaf Na + measured on day 21 and injury scored on 7 that day, but the correlation with injury scored on day 42 was highly significant (r=0.689) ( Table   8 2, Fig. 2 ). This indicates that most of the leaf injury is due to accumulation of toxic or SDW was expressed as % of the controls (Table 2) .
16
In Study-2, ion and injury measurements were made on day 7, as well as on day 21. There was 17 no injury to leaves on day 7, injury started on day 21, and became severe on day 42 of salt stress,
18
as shown in the photographs in Suppl. Fig. 2 although the correlations were not as high as Na + on day 21 (Table 4 ). The correlation of K/Na 24 with growth components was not as great as Na + (Table 4) . It is therefore assumed that injury is 25 mainly because of accumulation of Na + in leaves and had a significant effect on shoot fresh and 26 dry weights under salinity stress.
27 Na + concentrations in the sheath had a similar relation to injury and growth components (Suppl.
28 Table 2a ; Fig. 7a ) as did Na + in the leaf (Table 4) . K + concentrations in the sheath at day 7 had 29 similar relationships to growth components as did K + in the leaf, but on day 21 there were much stronger and positive correlations with all growth components and stronger negative correlations 1 with leaf injury (Suppl. Table 2a ). The K + /Na + ratio of leaf sheaths had a significant effect on the 2 number of tillers, SPAD and SDW but not on SFW and shoot water on day 7 (Suppl. On day 42 of salt stress there was large variation in salt injury to rice plants ( Fig. 10a and 10b ).
5
Moroberekan experienced more leaf injury than CO39 (Fig. 10a) . This was most likely due to 6 toxic accumulation of Na in the leaf blade. In Study-1, most of the leaf damage was due to 7 accumulation of toxic levels of Na + in the expanded leaf as indicated by the strong correlations 8 between Na + and injury Score-2 ( Fig. 3a and 9 ). The correlation of salinity-induced leaf injury 9 with whole-plant and leaf blade Na + concentrations was high in nearly all accessions of Oryza 10 sativa and Oryza glaberrima (Platten et al. 2013) .
11
There are two other explanations for the onset of leaf injury: that it was due to toxic 12 accumulation in the leaf sheath which reached a higher level first, or that it was due to the salt 13 around the roots ie osmotic stress. tissue types sampled at both salt stresses, however, differences were more pronounced at 21 days 18 than 7 days salt stress. This resulted in a higher K + /Na + ratio in these studies (Suppl. when exposed to NaCl salinity (Carden et al. 2003; Golldack et al. 2003; Peng et al. 2004) .
22
Differences between susceptible Japonica and Indica rice types were highly significant for all upper leaves caused by injury is valid. These traits are recommended as they reflect the growth 19 of the plant during the period of salinity and hence productive biomass that is related to yield.
20
However injury as a trait also has a place as it can be measured easily and non-destructively, on 21 the top 2-3 leaves either by visual scoring by chlorophyll concentration with a SPAD meter. It is 22 highly correlated with Na accumulation, and so is a useful trait for identifying QTLs for Na 23 exclusion. It also can be predictive on future biomass production.
24
An aspect which might have been neglected to some extent is the environmental factors during 
3
In conclusion, this study confirmed that plants need to be grown for a lengthy period of time 4 before genetic differences in salt tolerance appear, and before leaf injury is an indicator of salt 5 tolerance. It showed that short-term exposure of even 21 days may not be enough to pick genetic 6 differences, and that exposure of more than 42 days is required to get valuable information. We 7 have also shown that much of the growth reduction, which was previously thought to be due to 8 toxic ions, was due to the osmotic effects of the salt around the roots, supporting the two phase 9 model of salt stress response. The study showed that high Na + accumulation in the leaf blades 10 was strongly associated with leaf injury and is presumed to be the main cause of it. Injury of top 11 leaves was useful in predicting the ultimate salt tolerance of the RILs. concentration values are in Table 3 . = Sheath K + concentration on day 7 SK/Na7 = Sheath K + /Na + ratio on day 7 SNa21 = Sheath Na + concentration on day 21 SK21 = Sheath K + concentration on day 21 SK/Na21 = Sheath K + /Na + ratio on day 21
Supplementary. Table-2b Correlation matrix for ion accumulation in the leaf blade versus the leaf sheath on day 7/21, under salt stress (100 mM NaCl) (Study-2) LNa7 LK7 LK/Na7 LNa21 LK21 LK/Na21 SNa7 SK7 SK/Na7 SNa21 SK21 
